Abstract The ILSXISS (LXS) recombinant inbred (RI) panel of mice is a valuable resource for genetic mapping studies of complex traits, due to its genetic diversity and large number of strains. Male and female mice from this panel were used to investigate genetic influences on alcohol consumption in the ''drinking in the dark'' (DID) model. Male mice (38 strains) and female mice (36 strains) were given access to 20 % ethanol during the early phase of their circadian dark cycle for four consecutive days. The first principal component of alcohol consumption measures on days 2, 3, and 4 was used as a phenotype (DID phenotype) to calculate QTLs, using a SNP marker set for the LXS RI panel. Five QTLs were identified, three of which included a significant genotype by sex interaction, i.e., a significant genotype effect in males and not females. To investigate candidate genes associated with the DID phenotype, data from brain microarray analysis (Affymetrix Mouse Exon 1.0 ST Arrays) of male LXS RI strains were combined with RNA-Seq data (mouse brain transcriptome reconstruction) from the parental ILS and ISS strains in order to identify expressed mouse brain transcripts. Candidate genes were determined based on common eQTL and DID phenotype QTL regions and correlation of transcript expression levels with the DID phenotype. The resulting candidate genes (in particular, Arntl/Bmal1) focused attention on the influence of circadian regulation on the variation in the DID phenotype in this population of mice.
Introduction
Recombinant inbred (RI) panels of mice and rats provide a valuable resource for genetic mapping (Philip et al. 2010; Williams et al. 2004 ). The ILSXISS (LXS) recombinant inbred mouse panel was created through reciprocal crosses of the Inbred Long-Sleep (ILS) and Inbred Short-Sleep (ISS) mice. The ILS and ISS mice were derived from LS and SS mice, which were selectively bred for differences in sensitivity to the sedative-hypnotic effect of ethanol, starting from an 8-way cross heterogeneous stock (HS/Ibg) (McClearn and Kakihana 1981) . Therefore, mice in this RI panel have considerable genetic diversity, compared to other mouse RI panels. As described previously, the LXS RI panel segregates for traits other than sensitivity to alcohol, and, because it consists of a relatively large number of strains, it is a powerful resource for mapping complex traits (Williams et al. 2004 ).
''Drinking in the dark'' (DID) is a method used to produce alcohol drinking to intoxication (Ryabinin et al. 2003) . In this model, rodents are given access to alcohol during the first 2-4 h of their circadian dark period, and ''alcohol-preferring'' strains of mice, such as C57BL/6, consume an amount of alcohol during this time that produces blood ethanol levels that are comparable to the levels that define ''binge'' drinking in humans (Rhodes et al. 2005 (Rhodes et al. , 2007 Thiele and Navarro 2014) .
The DID phenotype is genetically influenced, since studies with inbred mouse strains have indicated similar DID alcohol consumption within strains and different levels of DID alcohol consumption across strains (Rhodes et al. 2007 ). Furthermore, successful selective breeding for high blood ethanol levels achieved during DID has been accomplished, leading to replicate selected HDID1 and HDID2 mouse lines (Crabbe et al. 2009 ). In these animals, the blood ethanol concentration correlates with the amount of alcohol consumed in the DID protocol.
Although there is a genetic influence on DID, only a few studies have investigated QTLs or genes associated with this phenotype (Crabbe et al. 2010; Iancu et al. 2013 ). In the current work, we undertook a QTL analysis of DID in the LXS mouse panel, including a comparison of male and female mice. The results show an interaction of sex with genotype for certain QTLs associated with DID, and provide insight into genetic mechanisms that may contribute to DID alcohol consumption. In particular, the candidate genes identified for a predisposition to variation in DID alcohol consumption in male mice are suggestive of a circadian component to the regulation of this phenotype.
Materials and methods

Animals and alcohol consumption (drinking in the dark, DID)
Animal breeding and behavioral testing were conducted in the specific pathogen-free facility at the Institute for Behavioral Genetics, Boulder, CO. One week prior to testing, male mice (38 strains, n = 2-15 per strain) and female mice (36 strains, n = 3-14 per strain) (31 strains in common between males and females) were individually housed in a room set on a reverse light-dark cycle. For detailed information on the number of mice in each specific mouse strain, see Table S1 . The mice were between 51 and 153 days old. After 1 week of acclimatization, mice were weighed 1 h prior to lights out (lights out at 0830), on each of four consecutive test days (Rhodes et al. 2005) . Four hours after lights out (1230), water bottles were replaced with 10 mL drinking tubes containing 20 % ethanol (v/v in tap water). Two hours after introduction of the alcoholcontaining drinking tubes (1430), the tubes were removed, the fluid levels were recorded, and, on days 1-3, the tubes were replaced with water bottles. On day 4, alcohol intake was determined for a second time at 1630, and tubes were then replaced with water bottles; however, in order to be consistent, only consumption data from the first 2 h on day 4 were used in our analysis.
All procedures followed the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals, and were approved by the University of Colorado, Boulder, Institutional Animal Care and Use Committee (IACUC). Procedures for RNA isolation (see below) also followed the NIH Guide, and were approved by the University of Colorado Anschutz Medical Campus IACUC.
Genotypes
A genetic marker set (specifically SNPs) for the LXS RI panel (66 RI strains) was generated by Dr. Gary Churchill and colleagues at The Jackson Laboratory using the Affymetrix Mouse Diversity Genotyping Array. In total, 314,865 probesets were on the array. Of these, 303,988 SNPs/probesets had a unique dbSNP identifier. Markers that did not differ between the parental strains (ILS and ISS), markers containing a heterozygous genotype call in either or both parental strains, and markers for which more than 5 % of the RI strains had a missing or heterozygous call were deleted, resulting in 43,997 markers. Markers without valid positions in the GRCm38/mm10 assembly of the mouse genome and markers with large genetic distances compared to physical distance (improbable recombination rates) were deleted, resulting in 43,870 markers. This dataset is available on Phenogen (http://phenogen. ucdenver.edu) for QTL calculations.
We further examined genotype calls in individual strains. If a strain had an ''unknown'' call for a specific marker, a call was assigned to the marker if the marker was within an LXS panel haplotype block and could be unambiguously imputed (4,046 unknown calls changed). Two strains (LXS10 and LXS68) were removed from the marker set due to having more than 5 % of markers with unknown calls. SNPs with a genotype call that implied a double recombination event when compared to the two adjacent SNPs were assumed to be genotyping errors and the entire SNP was removed from further analyses (58 SNPs deleted).
Because of the original density of the SNP marker set and our ability to impute some missing genotype information, we were able to limit our association analysis with the DID phenotype to SNPs for which there was no missing genotype information among the RI strains for which we collected DID data (43 RI strains). Many of these adjacent SNPs display the same genotype pattern among all the RI strains (i.e., no recombination events for any strain between SNPs), which would result in the same level of statistical significance (i.e., p value) for all of these SNPs when performing QTL analysis. Therefore, we reduced the number of association tests, without losing information, by identifying 1,093 unique strain distribution patterns (SDPs; i.e., the genotypes for all strains at a particular SNP) among these 39,045 SNPs. This marker set density provided good coverage of the LXS genome (Tables S2 and S3) .
DID phenotype QTL analysis
The DID data were initially cleaned to remove outliers (more than 2.5 standard deviations from the within strain and sex mean) for each of the 3 DID measurements, i.e., alcohol intake (g/kg) on day 2 (when intake had stabilized), day 3, and the first 2 h of day 4. All 3 DID alcohol consumption measurements showed heteroscedasticity across strains in both males and females. The DID phenotypes were therefore transformed by taking the natural log of the original DID value plus 1 (to force all values to be non-zero prior to the transformation), resulting in homogeneous variances. Instead of performing separate QTL analyses on 3 similar DID phenotypes, principal component analysis (PCA) was used to summarize the three, log-transformed, DID phenotypes into one quantitative measurement (first principal component).
Although age varied among the mice used in this study, age did not vary dramatically within strain. Age is both a potential confounder and a potential modifier of the effects of genetics on DID. To determine if age was a confounder in this study, and therefore needed to be included in our QTL analysis, we statistically evaluated the association between age and strain and the association between age and the DID phenotype. We also evaluated age as a potential modifier of the effect of genetics on DID using a linear regression model that included strain, sex, age, and all possible 2-way interactions.
To examine the effect of individual markers on DID, a full mixed model was performed with each marker, which consisted of the genotype (annotated either ''L'' from the ILS parent or ''S'' from the ISS parent), sex, age, and all potential 2-way interactions in predicting the DID phenotype. Strain was included as a random effect. To determine the significance of the association of DID with the genotype, regardless of whether the genotype effect was dependent or independent of age and sex, a likelihood ratio test (LRT) was performed comparing the full model to a reduced model that only included sex, age, and their interaction with each other in predicting the DID phenotype. Candidate markers are those with a nominal p value \0.001.
Given the large number of interaction effects tested in the full model, candidate markers that have a moderate effect that is independent of sex and age could potentially be missed. In addition to the full model, we therefore also ran a ''basic'' mixed model using the same method described above, but without any interaction effects. Candidate markers are those with nominal p value \0.001.
The likelihood ratio test is an omnibus test to determine any association of genotype with DID. To describe the dependence of the genotype effect on age and sex, a backward elimination technique was used (alpha level = 0.1) to obtain the most parsimonious model for each candidate marker, by eliminating non-significant covariates and interaction effects. The effect sizes and significance of the remaining effects are reported.
RNA expression-high throughput sequencing
To gather qualitative brain transcriptome information relevant to the LXS RI panel, mice were sacrificed in the morning (9 am-12 pm), and total RNA was isolated from whole brains of naïve (non-alcohol-exposed) mice from the two progenitor strains (ILS and ISS; 3 mice per strain) using the RNeasy Midi Kit with additional clean-up using the RNeasy Mini Kit (Qiagen, Valencia, CA). Quality of extracted total RNA was assessed on an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA). Ribosomal RNA was depleted from total RNA using the Ribo-Zero Magnetic Kit (Epicentre Biotechnologies, Madison, WI) according to the manufacturer's protocol.
Sequencing libraries were constructed using the Illumina TruSeq Stranded Total RNA Sample Prep Kit (Illumina, San Diego, CA) according to the manufacturer's protocol. Library quality was assessed using the Agilent Bioanalyzer. The samples were barcoded and pooled, and all six samples were included in each of three lanes of a flowcell. Libraries were sequenced on the Illumina HiSeq 2000 (100 base pair paired-end reads).
Prior to alignment, reads were de-multiplexed and trimmed of adaptors and low quality base calls using trim_galore (http://www.bioinformatics.babraham.ac.uk/ projects/trim_galore/). Entire reads were eliminated if either read fragment was less than 20 bp after trimming. Reads were aligned to the mm10 version of the mouse genome using tophat2 (Kim et al. 2013 ) with default settings for stranded reads.
The brain transcriptomes for the ILS and ISS strains were reconstructed separately using all aligned reads from each strain. Cufflinks was used to reconstruct the brain transcriptome using both a genome guide and a transcriptome guide (Trapnell et al. 2010) . The transcriptome used for guidance was the RefSeq mm10 version (Dec 2011) downloaded from the UCSC Genome Bioinformatics Site (http://genome.ucsc.edu). The two strain-specific transcriptomes were manually combined into a single transcriptome of high confidence transcripts. First, each strainspecific transcriptome was reduced to transcripts with an FPKM value greater than 1 (as calculated in the CuffLinks software) and a length greater than 300 bp (not including introns). Novel, i.e., unannotated, transcripts identified in the strain-specific transcriptomes were combined. Novel transcripts ''matched'' between strain-specific transcriptomes if (1) all exon start and stop positions matched, (2) all exon junctions matched, or (3) both transcripts contained only one exon and both their transcription start sites were within 100 bp of each other, and their transcription stop sites were within 100 bp of each other. Two transcripts were identified as being from the same gene if (1) their transcription start sites matched exactly, (2) their transcription stop sites matched exactly, or (3) at least one exon junction matched exactly. This combined transcriptome was pruned further by quantifying the transcript expression levels of the combined transcriptome in either strain using Sailfish (Patro et al. 2014) . Transcripts were retained if at least one of the six samples had a TPM (transcripts per million reads) value greater than 1. After elimination of low expressing transcripts, TPM values were calculated again. This iteration between quantification and elimination of transcripts continued until less than 1 % of transcripts had a TPM value less than 1.
RNA expression-microarray analysis
The gene expression dataset was derived from whole brain of naïve (non-alcohol-exposed) 10-week-old male mice (n = 4-6 per strain) from 60 LXS RI strains (http://phe nogen.ucdenver.edu). Expression analysis was performed with Affymetrix mouse whole genome exon arrays (Mouse Exon 1.0 ST, Affymetrix, Santa Clara, CA) as previously described (Tabakoff et al. 2008; Vanderlinden et al. 2013 ) and according to the manufacturer's protocols. RNA from the brain of each mouse was hybridized to a separate array.
Information gathered from high throughput DNA sequencing of the ILS and ISS strains (Dr. Richard Radcliffe, Skaggs School of Pharmacy & Pharmaceutical Sciences, University of Colorado, personal communication) and the brain transcriptome generated from the ILS and ISS strains was used to guide the use of probes/probesets from the Affymetrix Mouse Exon Array 1.0 ST for quantifying transcript expression in the LXS RI panel. First, individual probes were masked if they did not align uniquely to the mouse genome (mm10) or if they aligned to a region that harbored a SNP between the reference genome (based on the C57BL/6 inbred mouse strain) and either of the ILS or ISS strains. Entire probesets were eliminated if less than 3 probes remained after masking. The generated mask from the Affymetrix Mouse Exon 1.0 ST Array is available at http://phenogen.ucdenver.edu. The remaining probesets were compared to the brain transcriptome derived from the RNA-Seq data. Expression values for probesets that were completely contained within a transcript, not including intronic regions, were estimated using RMA (Shakya et al. 2010) . Probesets that were expressed above background (detection above background p value \0.0001) in more than 50 % of the RI samples were identified and correlations across strains among expressed probesets targeted to the same gene were calculated. Probesets were placed into transcript clusters based on the correlation (hierarchical clustering using 1 minus the correlation coefficient as a distance measure) among probesets targeted to the same gene. Each transcript cluster potentially represents a different splice variant, i.e., transcript, of that gene. When two or more probesets were correlated (correlation coefficient [0.25), the first principal component was used as a summary measure for that transcript cluster in further analyses. Heritability of each transcript cluster was assessed using the coefficient of determination (r 2 ) from a one-way ANOVA, and clusters with low heritability (r 2 \ 0.33) were not included in further analyses.
Hierarchical clustering with distances measured as one minus the correlation coefficient was used to identify potential outliers among the array data. Data from individual arrays were removed if they did not cluster with the data from other arrays (distance greater than 0.0025). Of the 341 arrays, 3 were defined as outliers and removed from the analysis.
Expression QTL (eQTL) analysis
Expression QTLs (eQTLs) were identified using marker regression, the LXS RI SNP marker dataset described earlier, and the transcript expression strain means as the quantitative trait. Only SNPs with no missing genotype data among the RI strains for which expression data were collected were used (36,749 SNPs; 1,414 unique SDPs).
Candidate transcripts
Candidate transcripts associated with a predisposition to the DID phenotype were identified as described previously (Tabakoff et al. 2008 (Tabakoff et al. , 2009 , based on the assumptions that if the expression level of a transcript contributes to the phenotype, then (1) the region of the genome that regulates the phenotype (DID phenotype QTL) should be the same as the region of the genome that regulates the transcript's expression levels (eQTL) and (2) the expression level of the transcript should be correlated with the quantitative phenotype across the RI strains. To implement this process, significant eQTLs (genome-wide p value \0.05) were identified, and the overlap of eQTLs with DID phenotype QTL regions (i.e., eQTL lies within a DID phenotype QTL region) was determined. A Pearson correlation coefficient was calculated between the expression level of each transcript cluster which had an eQTL with these characteristics, and the male DID phenotype. Candidate transcripts were derived from transcript clusters that significantly correlated with DID (nominal p value \0.001). To control for multiple comparisons, a false discovery rate (FDR) was calculated (Benjamini and Hochberg 1995) . Since the expression data were only available for male mice, the correlation was only performed using male DID phenotype data.
Results
Alcohol consumption
Data for six mice were removed from the analysis of the DID data due to outlying values for one of the 3 time points. DID values for each day (strain mean ± 1 standard error) are plotted in Fig. 1 , in order of ascending DID from day 2. These results demonstrate a significant amount of transgressive segregation (Rieseberg et al. 1999) , i.e., the alcohol consumption by most of the RI strains is less than that by either of the parental strains. Measurements of consumption across the three different days were significantly (p \ 0.0001) but not perfectly correlated in both males and females (correlation coefficients ranging from 0.67 to 0.88). The first principal component obtained from PCA of log-transformed DID values explained 62.8 and 66.3 % of the variance in females and males, respectively. The loadings for the 3 DID measurements were similar in magnitude and direction for the first principal component, i.e., 0.58, 0.59, and 0.56 for females and 0.55, 0.61, and 0.57 for males (corresponding to days 2, 3, and 4, respectively) ( Fig. S1 ; Table S4 ). Broad-sense heritability (H 2 ) of this summary DID phenotype was calculated for each sex separately using a 1-way ANOVA. The heritability for the DID phenotype was 42.6 and 48.2 % in females and males, respectively.
DID phenotype QTLs
The investigation of age in the male population indicated that age was a potential confounder of the genetic effect on the DID phenotype because age was associated with both strain (p \ 0.0001; 1-way ANOVA) and DID (p = 0.026; linear regression). In females, age was associated with strain (p \ 0.0001) but not with DID (p = 0.20). Age was included in all QTL models to address the problem of confounding in the male population. Also, the age by strain interaction effect in the QTL model was significant (p = 0.019). Therefore, an age by genotype interaction effect was included in the full model QTL analysis. Figure 2 shows Manhattan plots for the likelihood ratio test (LRT) p values from the full model (Fig. 2a ) and the basic model (i.e., no interaction effects) (Fig. 2b) . The full model identified sixteen total candidate markers: nine markers were located on chromosome 1 (two separate positions) and seven markers were located on chromosome 19. The basic model identified three additional candidate markers: one marker located on chromosome 7 and the other two markers located on chromosome 4. Table 1 shows the main effects and interaction effects in the final models. The QTLs from the full model include a significant genotype by sex interaction effect, which is not evident in the QTLs from the basic model. Of all the 2-way interactions, only sex by genotype was significant in any of the QTL models. The sex by genotype interaction effects associated with the three genomic regions on chromosomes 1 and 19 are illustrated in Fig. 3 . For all three of these QTLs, there is a significant genotype effect on DID in males and no significant effect in females. For the QTLs on chromosomes 4 and 7, the genotype effect is independent of sex. The percent of genetic variance in the phenotype explained by each QTL (determined by ANOVA), and the total proportion of genetic variance explained when all QTLs are included in the model (determined by a multifactor ANOVA), are shown in Table 2 . Because all five QTLs indicate a genetic effect in males and only two of the five indicate a genetic effect in females, the proportion of genetic variance explained by the combination of all QTLs is greater for males than for females.
Although age was identified as a potential modifier of the genetic effect on DID, none of the QTLs identified had a significant genotype by age or sex by age interaction in their final model.
RNA sequencing and identification of transcript clusters
The process used to annotate the brain transcriptome of the progenitor strains of the LXS panel (ILS and ISS) began with nearly 450 million paired-end reads (900 million read fragments) from six samples (3 from each strain). Approximately 700 million (78 %) read fragments aligned to the mm10 version of the mouse genome, including 19 autosomal chromosomes and 2 sex chromosomes. 76,899 transcripts (68,227 genes) were identified as high confidence (FPKM [ 1 in at least one strain, [300 nt in length, and TPM [ 1 in at least one sample) and thus were included in the reconstructed ILS/ISS brain transcriptome.
Of the 4.8 million probes on the Affymetrix Mouse Exon 1.0 ST Array, 3.9 million (81 %) aligned uniquely to Female LXS93 on day 2 and male LXS28 on day 3 did not drink any alcohol. Female ILS data from day 3 were not available (Color figure  online) the mm10 version of the mouse genome and aligned to a region of the genome that did not harbor a SNP or small indel identified in the genome of the ILS or ISS strains when compared to the reference strain (C57BL/6), on which sequences for the Affymetrix probes are based. These ''high integrity'' probes were summarized into 1 million probesets (3-4 probes/probeset), based on Affymetrix annotation, and 160,903 of these probesets Candidate transcripts for DID Of the initial 39,819 transcript clusters considered for analysis, 7,491 passed the heritability criterion (r 2 C 0.33). Of those, 919 had a significant eQTL that occurred in the same genomic region as a DID phenotype QTL, and five of these transcript clusters were significantly correlated with the DID phenotype levels across the LXS RI strains. These 5 ''candidate transcripts'', along with a brief description of the functions of the transcript products, are listed in Table 3 . Each of these transcripts is referred to by the name of the gene from which it is derived (''candidate gene'').
The correlation structure among the probesets for each candidate transcript was compared with the expected structure based on the transcriptome reconstruction by examining the positions of the probeset(s) included in the expression values for the candidate transcripts (see Supplemental Gene Report). For Trim62, only one isoform was expressed in brain and all four probesets that aligned to its exons were correlated and placed into the cluster that was associated with the DID phenotype. For Arntl, 11 out of the 13 probesets, that aligned to the only isoform of Arntl detected in the reconstruction, were correlated and formed the cluster that was associated with the DID phenotype. The two probesets that did not correlate were located in the 3 0 and 5 0 regions of the gene, where the accuracy of the reconstruction is reduced. For Pld5, 8 out of 9 probesets were correlated and formed the cluster associated with the DID phenotype. This gene has 4 isoforms expressed in brain and the one probeset that was not correlated with the other eight targeted an exon that was specific to a single isoform of Pld5. For Wrn and Gtf3c1, the correlation structure among the probesets did not match expectations based on the transcriptome reconstruction. Although several probesets targeted exons in each gene, the probesets were not tightly correlated. In both cases, the expression value that was associated with the DID phenotype was calculated from a single probeset. These expression values met all of our filtering criteria (detection above background, heritability, a significant eQTL that overlaps a phenotype QTL, and significant correlation with the DID phenotype).
Discussion
The results obtained in this study identify several genomic regions associated with the level of alcohol consumed by strains of the LXS panel of recombinant inbred (RI) mice in the ''drinking in the dark'' (DID) model. Most previous studies, including our own (Saba et al. 2011) , have used data from a single day of the DID paradigm to characterize regulates behavioral, physiological and chromatin modification rhythms (Hatanaka et al. 2010; Menet et al. 2014; Mieda and Sakurai 2011) Candidate genes were identified based on significant correlation of transcript clusters with the male DID phenotype and eQTL overlap with DID phenotype QTL alcohol consumption (Rhodes et al. 2005 (Rhodes et al. , 2007 . For the current analysis, we chose to use all of the data, but to reduce the dimensionality using principal component analysis of drinking measures over 3 days of the DID paradigm. When the data are highly correlated, as we found for the DID data across days, the first principal component accounts for the majority of variation between samples, and is often similar to the average of the original data. In this case, since loadings for the first principal component were similar across the three time points, the first principal component can be interpreted as a robust measure of DID in this population. By taking a summary measure within a mouse, we reduced the environmental/technical variance in the DID phenotype, further isolating the genetic variance of interest. For example, the heritability of the drinking measures, when calculated separately for each day, never exceeded 33.3 % in females or 39.5 % in males, but the heritability of the first principal component was 43 % in females and 48 % in males. Three of the five DID phenotype QTL regions identified in the current work (Chr 1: 66.6-194.7 Mb; Chr 4: 95.9-129 Mb; Chr 19: 0-27.5 Mb) overlap with QTLs that we found in a prior analysis of DID alcohol consumption on day 3 by male LXS mice (Saba et al. 2011) . It is likely that the identification of two other DID phenotype QTLs in the present work was possible because of the greater power gained by the addition of data from the female mice. However, the newly identified QTLs could also reflect the difference in phenotype measure (first principal component vs. drinking on day 3) used in the two studies. DID QTLs have also been determined using animals that have been selected for high levels of DID alcohol consumption (HDID-1 and HDID-2) and the stock from which these mice were selected (HS/NPT) (Iancu et al. 2013) . In that analysis, data from male and female animals were combined, and one of the three identified QTL regions was close to the QTL that we identified on chromosome 4, which, in our study, did not show a sex by genotype interaction. It may not be surprising that other unique QTLs were identified in the analysis of HDID mice compared to the present work, given that some of the inbred strains used to generate the HS/NPT stock (Iancu et al. 2013) were different from the strains used to generate the HS/Ibg stock that was the founder for the LXS mice (McClearn and Kakihana 1981) . In addition, the phenotype used for selection of the HDID lines is based on the blood ethanol concentration (BEC) obtained during DID on day 4 (Crabbe et al. 2009 ), which is related to the alcohol consumption levels, but may also include other factors.
The literature regarding the genetic relationship of DID to alcohol preference, measured in a 2-bottle choice paradigm, has previously been investigated. The DID model was originally described for alcohol-preferring C57BL/6 mice, which were found to achieve relatively high blood ethanol concentrations when given ethanol for 4 h on day 4 of the DID procedure (Rhodes et al. 2005) , and to consume amounts of alcohol that led to intoxication (Rhodes et al. 2007) . A comparison of several inbred mouse strains showed differences in alcohol intake in the DID paradigm, indicating a genetic influence on DID alcohol consumption levels (Rhodes et al. 2007 ). In addition, correlations across strains for alcohol intake in the DID procedure and in twobottle choice alcohol preference paradigms suggested that some of the same genes may influence DID and 2-bottle choice alcohol consumption levels (Rhodes et al. 2007) . A study of alcohol preference by mice that had been selectively bred for high DID (HDID-1 mice), compared to the founder HS/NPT mice, also concluded that some of the same genetic factors affect both DID and alcohol preference measures (Crabbe et al. 2011) . The QTL analyses performed in the current study support the suggestion that there are some common genetic influences on DID and 24-h 2-bottle choice alcohol consumption. The DID phenotype QTLs that we identified on mouse chromosomes 4 and 7 (no sex by genotype interactions) overlap with QTLs previously reported for two-bottle choice alcohol consumption by (1) BXD RI mouse strains (Phillips et al. 1994 , female mice; Rodriguez et al. 1995 , male mice), (2) mapping populations derived from C57BL/6 and DBA/2 strains (Belknap and Atkins 2001) , and (3) an F2 population from a C57BL/6By 9 129P3 intercross (Bachmanov et al. 2002) . In addition to these overlapping QTL regions for the DID and 2-bottle choice phenotypes, however, unique QTLs have been identified for each phenotype, which may reflect differences in genetic influences on the phenotypes, as well as differences in the alleles represented in the different mouse strains.
Our analysis also indicated a significant sex by genotype interaction for some of the DID phenotype QTLs. The QTLs on Chr 1 and Chr 19 were specific to males. Sexspecific QTLs have previously been reported for alcohol preference drinking by mice. In a study using AXB/BXA RI mouse strains, both male-and female-specific QTLs were identified for 2-bottle choice alcohol consumption; the female-specific QTL was close to a female-specific QTL that had previously been mapped in C57BL/6 9 DBA/2 backcrosses (Gill et al. 1998; Melo et al. 1996) . In a study of selected lines of high and low alcohol-preferring mice (HAP and LAP mice), a chromosome 9 QTL was found to have a greater effect in female than in male mice (Bice et al. 2006) . Female-specific QTLs for alcohol drinking have also been found in rats by Vendruscolo et al. (2006) and Izidio et al. (2011) . In general, the finding of female-specific QTLs has been attributed to the effects of sex hormones on behavior (Izidio et al. 2011; Vendruscolo et al. 2006) , which can interact with genetic factors that influence those behaviors. The influence of hormone levels on alcohol consumption in the DID paradigm has not been assessed, but our findings of differential effects of several QTLs on alcohol consumption by males and females suggests that such studies are needed.
Our results indicate that the overall genetic variance explained by the identified QTLs in females is less than the genetic variance explained by the QTLs in males, since three of the QTLs have no effect on the DID phenotype in females. On the other hand, the heritability for the DID phenotype was very similar in males and females (48.2 and 42.6 %, respectively). Given that heritability is defined as the proportion of phenotypic variation that is due to genetic variation, one can speculate that there may be more QTLs with small effect sizes in the females that contribute to the DID phenotype, but that were not detectable in the current analysis. Such QTLs are likely to be affected by environmental factors, including the hormonal status of the females, which may affect drinking behavior via alterations in gene expression levels or other biochemical mechanisms.
It is important to emphasize that our analysis identified QTLs from brains of alcohol-naïve LXS mice, and thus, the QTLs are associated with a predisposition to consume varying amounts of alcohol in the DID paradigm. The candidate genes that are regulated from within the identified QTL regions suggest an important genetic influence on circadian rhythms, which in turn generate differences in DID alcohol consumption. It is particularly noteworthy that the product of Arntl (Bmal1) is a transcription factor that is a core component of the mammalian circadian rhythm system (Buhr and Takahashi 2013) . Studies with knockout mice indicate that Bmal1 plays an important role in the entrainment of locomotor activity that occurs when animals are put on a restricted feeding schedule (Mieda and Sakurai 2011; Zhang et al. 2012) . The DID paradigm is reminiscent of the restricted feeding protocol, in that alcohol is available only during a restricted period. There have been numerous studies that suggest a link between alcohol consumption and circadian rhythms, e.g., lines of mice and rats selected for high and low alcohol preference also display differences in circadian phenotypes (Hofstetter et al. 2003; McCulley et al. 2013; Rosenwasser et al. 2005) . Such results were interpreted as providing evidence that some similar genes may influence alcohol consumption and circadian control of activity, but the genes were not identified. Our data suggest that Bmal1 may be one of these genes. A study of mice selected for high DID (HDID mice) found that the HDID mice displayed lower running wheel (locomotor) activity than their HS/NPT controls during the early period of the dark cycle, when alcohol was accessible (McCulley et al. 2013) . It was suggested that the lower activity could contribute to their drinking patterns. This would seem counter to the role of Bmal1 in the entrainment of activity associated with the restricted food access paradigm, i.e., in this paradigm, animals show increased locomotor activity prior to and during food accessibility (Verwey and Amir 2009) . However, Bmal1 expression was lower in brains of the LXS mice that showed higher alcohol consumption in the DID model (Table 3 ). The lower Bmal1 expression would be expected to result in lower locomotor activity in these mice during the period of restricted access to alcohol (Mieda and Sakurai 2011) . Since our candidate gene results are based on whole brain transcriptional analyses, it is important to note that Bmal1 expression in regions of the brain outside of the suprachiasmatic nucleus were implicated in the adaptation to food restriction (Mieda and Sakurai 2011) .
Another candidate gene, Pld5 (phospholipase D, family member 5) converts phosphatidylinositol 3,4,5-trisphosphate to inositol 3,4,5 trisphosphate (Ching et al. 1999) , which can increase intracellular Ca 2? levels through an action at IP 3 receptors (Nerou et al. 2001 ). There is substantial evidence for a role of inositol trisphosphateinduced Ca 2? release in regulation of mammalian circadian rhythms (Baez-Ruiz and Diaz-Munoz 2011; Hamada et al. 1999; Mason and Biello 1992; Takimoto et al. 1985) . Therefore, Pld5 and Bmal1 may both contribute to aspects of circadian control that influence DID alcohol consumption levels.
Most of the other candidate genes that we identified can be related to the activity and regulation of Bmal1, lending credence to the important role of circadian regulation in predisposing mice to differences in DID alcohol consumption. In particular, chromatin dynamics have been reported to play a crucial role in the transcriptional programs that control circadian rhythms in animal behavior, physiology, and metabolism, as well as in the light response in plants (Barneche et al. 2014; Hardin and Panda 2013) . Bmal1 promotes rhythmic chromatin modification (Menet et al. 2014) , which allows for genome-wide circadian changes in regulation of chromatin accessibility and transcriptional activity. Another of the candidate genes, Gtf3c1, also known as TFIIIC, is a transcription factor that is thought to play a key role in genome organization (Van Bortle and Corces 2012) , and can control the relocation of inducible, activity-dependent genes to ''transcription factories'' (Crepaldi et al. 2013) . Cooperative interactions between TFIIIC and Bmal1, both of which are located in, and regulated from, the chromosome 7 QTL, have not been investigated, but could influence the complex transcriptional modifications related to circadian activity. Posttranslational modifications, such as ubiquitination, of the proteins that regulate circadian rhythm, are crucial for maintenance of that rhythm. Bmal1 has been shown to be regulated by an E3 ubiquitin ligase (UBE3A) (Gossan et al. 2014) , and notably, one of the other candidate genes from our analysis is Trim62, a RING finger E3 ubiquitin ligase (Huang et al. 2013) . Given the pleiotropic effects of many of the TRIM family proteins (Napolitano and Meroni 2012) , one can speculate that Trim62 could be involved in the control of degradation of clock proteins. Bmal1 also regulates metabolic activity (Hatanaka et al. 2010) , and its deficiency is associated with metabolic changes associated with a premature aging phenotype (Hemmeryckx et al. 2011) . A deficiency of the candidate gene Wrn also leads to premature onset of age-related pathologies (Turaga et al. 2009 ).
In the present study, gene expression data were only available for male LXS mice, and the candidate genes were identified based on correlation with the DID phenotype in males. The lack of availability of brain gene expression data from female LXS mice did not allow a determination of candidate genes in females. The DID phenotype was not perfectly correlated across LXS strains for males and females (correlation coefficients across all 3 days, 0.49-0.59), and sex-specific eQTLs (particularly transeQTLs) have been reported in mice (van Nas et al. 2010 ). Therefore, it will be necessary to characterize the brain transcriptome in the female LXS mice in order to determine whether similar candidate genes and/or a similar molecular mechanism may be involved in the predisposition for DID alcohol consumption by females. Overall, however, our results provide an intriguing insight into the genetic mechanisms that influence alcohol consumption in the DID paradigm, and which may lead to the intake of large amounts of alcohol by certain individuals under these conditions.
